Consumption of arsenic-contaminated drinking water is associated with increased cancer risk. The relationship between arsenic body burden, such as concentrations in human toenails, and arsenic in drinking water is not fully understood. We evaluated the relationship between arsenic concentrations in drinking water and toenail clippings among a cohort of Nova Scotians. A total of 960 men and women aged 35 to 69 years provided home drinking water and toenail clipping samples. Information on water source and treatment use and covariables was collected through questionnaires. Arsenic concentrations in drinking water and toenail clippings and anthropometric indices were measured. Private drilled water wells had higher arsenic concentrations compared with other dug wells and municipal drinking water sources (Po0.001). Among participants with drinking water arsenic levels Z1 mg/l, there was a significant relationship between drinking water and toenail arsenic concentrations (r ¼ 0.46, Po0.0001). Given similar levels of arsenic exposure from drinking water, obese individuals had significantly lower concentrations of arsenic in toenails compared with those with a normal weight. Private drilled water wells were an important source of arsenic exposure in the study population. Body weight modifies the relationship between drinking water arsenic exposure and toenail arsenic concentrations.
INTRODUCTION
Chronic arsenic toxicity is a global public health concern.
1, 2 The most important arsenic exposure pathway is through drinking well water contaminated with naturally occurring arsenic. Substantial evidence suggests that long-term exposure to arsenic from drinking water is associated with increased risk of developing certain cancers, including skin, lung, liver, bladder, and kidney cancers. 1, 3 A recent report 4 shows that chronic arsenic exposure may also have dermatological, developmental, neurological, respiratory, cardiovascular, immunological, and endocrine effects. Precise measurement of arsenic exposure is a critical issue in assessing the association between arsenic exposure and disease risk. In many arsenic endemic areas where arsenic exposure is high, cancer risk has often been evaluated in relation to consumption of arsenic-contaminated drinking water in the study areas. [5] [6] [7] In some studies, arsenic concentrations in toenail clippings have been used to establish the relationship between arsenic exposure and cancer risk among populations exposed to low-to-moderate levels of arsenic in drinking water. 8, 9 Human nail clippings are a useful biomarker of long-term environmental exposures in relation to health outcome assessments. 10 Compared with fingernails, toenails may reflect a longer exposure time frame given the relatively slower growth rate. 11 In North American populations, toenails are also less likely to be exposed to external contaminations than fingernails or hair. Arsenic measurements in toenails reflect long-term chronic exposure. A validation study 12 has demonstrated that a single measurement may reliably represent long-term exposure to certain trace elements including arsenic.
Measured arsenic concentrations from toenail clippings are an integrated assessment of arsenic exposure from the environment during the past 7 to 12 months, [11] [12] [13] which may include water, food, soil, and dust. However, arsenic in drinking water has been reported to have the strongest association with total arsenic concentrations in toenail clippings among all these exposure pathways.
14 Thus far, several studies [15] [16] [17] [18] have reported the relationships between drinking water and toenail arsenic concentrations. Most of the studies 15, 18, 19 have been conducted in arsenic-endemic areas where arsenic doses have been high, and with a small sample size. In some studies carried out in areas with low-to-moderate arsenic levels in drinking water, 16, 17 participants were recruited based on cancer case-control design, rather than as a population-based sample. Data on the associations between drinking water and toenail arsenic concentrations among general populations with various levels of arsenic in drinking water, ranging from low to moderate to high doses, are scarce.
Some studies [20] [21] [22] [23] have shown that body mass index (BMI) might influence arsenic metabolism in terms of urinary excretion of total arsenic and percentages of two metabolites, that is, monomethylated arsenicals (%MMA) and dimethylated arsenicals (%DMA), although the findings are inconsistent. There is no study, thus far, reporting how body composition (i.e., body fat distribution) may mediate the relationship between arsenic in drinking water and toenail clippings.
The primary aim of this study was to evaluate the relationship between arsenic exposure from drinking water and toenail arsenic concentrations (arsenic body burden) among a cohort of Nova 1 Scotians recruited from the general population who were exposed to arsenic concentrations in well water ranging from very low to high. We evaluated whether individuals with different body compositions, who were exposed to similar levels of drinking water arsenic, had different levels of arsenic body burden, controlling for a large number of covariables.
MATERIALS AND METHODS

Study Population
The Atlantic Partnership for Tomorrow's Health (PATH) cohort study is a part of the Canadian Partnership for Tomorrow Project (CPTP), a national study examining the role of genetic, environmental, behavioral, and lifestyle factors in the development of cancer and chronic disease. Atlantic PATH is a general population-based cohort and the only restriction on recruitment was that participants must be resident of one of the Atlantic Canada Provinces (Nova Scotia, New Brunswick, Prince Edward Island, and Newfoundland and Labrador) and aged between 35 and 69 years. The study subjects of this analysis are individuals who participated in the Atlantic PATH Nova Scotia Arsenic Sub-Study and provided both drinking water samples and toenail clippings at the Sydney and Halifax assessment centres in Nova Scotia from 2009 through 2010. Participants attending the Sydney Assessment Centre lived on Cape Breton Island, whereas participants attending the Halifax Assessment Centre lived throughout mainland Nova Scotia, although the majority were from Halifax County. The distribution of the study population is shown in Figure 1 . The present analysis includes 960 participants who have had both drinking water and toenail clipping samples analysed for trace elements, including arsenic. The study protocol was approved by the Capital District Health Authority and Cape Breton District Health Authority Research Ethics Boards.
Sample and Data Collection
Participants were instructed on how to collect and store water samples. Before collecting the water sample, participants were asked to run the water tap for 10 min to flush the system. To eliminate air gaps, participants were instructed to fill the sample bottles until they overflowed. Samples were stored in a refrigerator before being returned to the study team. During attendance at an assessment centre, toenail clipping samples were collected by trained staff. A set of standardized questionnaires on sociodemographic, health, and lifestyle factors was administered and physical measurements (including height, weight, and body composition) were measured by research nurses.
Water samples were collected predominantly from the participants' principle residence, although some participants provided a sample from a second home if that water supply was from a well. All 960 participants provided water samples and 923 of the water samples were taken from the main home drinking water supply. Water sources were classified as municipal-treated water, private drilled well, private dug well, and other (including natural spring, lake, river, lagoon, dugout, and other unspecified sources). Well water treatment use was either yes, no, or unknown. Very few participants reported the type of treatment system that was in use, or the age or depth of the well, and these data could not be included in the analysis.
Anthropometric Indices and Body Composition
Body weight, percentage body fat, fat mass and fat-free mass were measured using the Tanita bioelectrical impedance device (Tanita BC-418, Tanita Corporation of America, Arlington Heights, IL, USA), which is a validated instrument for body composition measurement. 24, 25 Body height was measured by a Seca stadiometer. BMI was calculated as weight in kg divided by height in m 2 . We also calculated fat mass index (FMI) and fatfree mass index (FFMI) by dividing fat mass and fat-free mass in kg by height in m 2 , respectively. 26 Waist circumference was measured by using Lufin steel tape. Overweight was defined as 25r BMI o30 kg/m 2 and obesity was defined as BMI Z30 kg/m 2 , respectively. Abdominal obesity was defined as waist circumference Z102 cm for men or Z88 cm for women. 27 The top sex-specific tertiles of FMI and FFMI were classified as high levels of FMI and FFMI, respectively.
Measurement of Arsenic in Drinking Water and Toenail Clipping Samples
Determination of arsenic was obtained from water samples by adapting US EPA method 200.8. Samples were acidified to 1% (v/v) with ultrapure nitric acid (Fisher Optima grade) and analysed using a PerkinElmer Elan DRC-e inductively coupled plasma-mass spectrometer (ICP-MS) equipped with an SC4 DX autosampler (ESI). Arsenic was measured in dynamic reaction cell mode using oxygen as a reaction gas. Coefficients of variation were typically o0.12 for arsenic concentrations o1 mg/l and o0.05 for concentrations Z1 mg/l. Certified reference materials (CRMs) NIST 1643e (trace elements in drinking water) and SLRS-4 (trace elements in river water) were analysed for each batch to assess the accuracy of the method.
Toenail samples were prepared according to the method of Ryabukhin. 28 Samples were washed sequentially with 25 ml of acetone (HPLC grade) and sonicated for 10 min, then washed three times with 25 ml of deionized (DI) water and sonicated for 10 min each time, and finally Figure 1 . Distribution of study participants across Nova Scotia.
washed with 25 ml of acetone (HPLC grade) and sonicated for 10 min, discarding the wash solution between each step. After washing, toenails were dried overnight at 60 1C on a DigiPrep MS hot block (SCP Science). The toenails were digested by adapting the method of Gault et al. 29 First, 1 ml of HNO 3 (Fisher Optima grade) was added to the samples and these were heated at 100 1C for 40 min on a DigiPrep MS hot block (SCP Science). After cooling, 1 ml of ultrapure H 2 O 2 (Fisher Optima grade) was added to the samples, and they were heated again to 100 1C for 40 min. After cooling, the samples were diluted to 15 ml with DI water. The digested toenail samples were analysed using a PerkinElmer Elan DRC-e ICP-MS equipped with an SC4 DX autosampler (ESI). Arsenic was measured in dynamic reaction cell mode using oxygen as a reaction gas. Coefficients of variation were typically o0.10 for arsenic concentrations o0.3 mg/g and o0.05 for concentrations Z0.3 mg/g. CRM BCR-397 (trace elements in human hair) was used to assess the accuracy of the method for each batch.
Method detection limits (MDLs) were calculated for each batch of the measurements. The average MDLs were 0.066 mg/l for water samples and 0.046 mg/g for toenail samples, respectively. Those arsenic values lower than the corresponding MDLs in each batch were replaced by a half of the average MDLs for water (6.0%) and toenail (29.6%) samples, respectively. 15 
Assessment of Covariables
There was little ethnic diversity in the sample and ethnicity was grouped as white and non-white. For socioeconomic status, levels of educational attainment were categorized as high school or lower, college level, and university level or higher. Occupation was grouped as blue collar, white collar, unemployed home-maker, and retired, and other, including students and professionals who did not belong to the above categories. Household income was classified into three categories according to selfreported household income levels, that is, rCAD $49,999, CAD $50,000-99,999, and ZCAD $100,000. According to the respondents' self-reported smoking status, participants were grouped as never smoker, former smoker, and current smoker. We used the long form of the International Physical Activity Questionnaire (IPAQ) to estimate the participants' levels of physical activity. For each participant, total metabolic equivalent (MET)-min per week were calculated according to the Guidelines for Data Processing and Analysis of the IPAQ (www.ipaq.ki.se). Levels of total physical activity were classified as low, medium, and high by using sex-specific total METmin/week tertiles.
Statistical Analysis
We evaluated relationships between arsenic concentrations in water and toenails by using both the Pearson partial correlation analysis and multiple linear regression models with Robust M estimator, adjusted for age, sex, and other covariables. Differences in water and toenail arsenic concentrations across different levels of categorical variables were assessed using multiple general linear models. We utilized multiple logistical regression modelling to calculate the odds ratios (ORs) and 95% confidence intervals (CIs) of higher levels of either water or toenail arsenic concentrations with respect to water sources, geographic locations, and body adipose measurements. We made natural log-transformations for both arsenic concentrations in water and toenail clipping samples to normalize the data. Statistical significance was defined as P-values of o0.05 (two sided). The statistical analyses were performed with SAS statistical package version 9.2 (SAS Institute, Cary, NC, USA).
RESULTS
General Characteristics of Study Participants
Of the water samples, 69% were taken from non-regulated private well water sources ( Table 1) . Half of the study participants did not use any well water treatment system, and of those who reported using a treatment system, only a small number provided details regarding the type of system. The prevalence of cigarette smoking was 7.9% and the prevalence of overweight or obesity was 67.1% among study participants. The geometric mean (95% CI) and median (interquartile range (IQR)) of tap water arsenic concentrations were 0.280 (95% CI: 0.243-0.322) mg/l and 0.256 (IQR: 0.105-0.957) mg/l, respectively. The corresponding values for toenail clipping samples were 0.057 (95% CI: 0.054-0.060) mg/g and 0.056 (IQR: 0.023-0.088) mg/g, respectively. The highest arsenic concentrations were 478 mg/l in drinking water samples and 12.7 mg/g in toenail clippings, respectively. In addition, 4.5% of all water samples and 8% of drilled well samples had an arsenic concentration greater than or equal to the Health Canada maximum acceptable concentration (MAC) of 10 mg/l.
Relationships Between Water and Toenail Arsenic Concentrations
The overall Pearson correlation coefficient between water and toenail arsenic concentrations was 0.26 (Po0.0001) with adjustment for age and sex. For individuals with a water arsenic concentration of Z1 mg/l, the correlation coefficient increased to 0.46 (Po0.0001). Among those with a water arsenic concentration of o1 mg/l, the correlation became null (r ¼ 0.04, P ¼ 0.27).
In the linear regression analysis adjusted for age and sex, a 1% increase in water arsenic concentrations was associated with a 0.10% (95% CI: 0.08-0.12) increase in toenail arsenic ( Table 2 ). The association remained unchanged after further adjustment for year and season of sample collection, ethnicity, socioeconomic status, smoking, physical activity, and body composition (model 3). In the stratified analyses by water arsenic levels, the association was increased substantially by B4 times (b ¼ 0.377, 95% CI: 0.229-0.463; model 3) among individuals with a water arsenic concentration of Z1 mg/l, but became null among those with o1 mg/l.
Determinants of Water and Toenail Arsenic Concentrations
In the multivariable regression analysis, drilled wells had significantly higher levels of arsenic concentrations as compared with other types of wells and water sources (Table 3 ). For arsenic in toenail clippings, private drilled and dug wells were associated with higher toenail arsenic concentrations (Table 4) . Participants who were female, obese (as defined by BMI, fat mass, and abdominal obesity), were residents of Cape Breton Island, or had higher levels of household income had significantly lower levels of toenail arsenic.
We found that compared with municipal-treated water samples from Cape Breton, water samples from drilled wells across mainland Nova Scotia were associated with significantly increased likelihood of containing arsenic Z1 mg/l (Table 5 ). However, the significant associations between water samples from the nonregulated (private) water sources and the increased risk of high levels of toenail arsenic concentrations (Z85 percentile) were only observed among individuals living in mainland Nova Scotia and not for those in Cape Breton Island (P for interaction ¼ 0.0002). Further analyses suggested that arsenic concentrations in nonregulated water source were lower in Cape Breton than the rest of Nova Scotia (P for interaction o0.0001, Table 6 ). The associations between non-regulated water source and increased levels of toenail arsenic were more evident among individuals attending the Halifax assessment centre but not for those living in Cape Breton Island (P for interaction ¼ 0.0008). No significant interactions were observed between water source and household income in relation to either water arsenic Z1 mg/l or toenail arsenic Z85 percentile (data not shown).
The association of high levels of water arsenic with increased likelihood of having elevated toenail arsenic concentrations was not apparent among individuals with both high levels of FMI and FFMI ( Table 7 ). The effect of obesity on reduced arsenic retention remained using other anthropometric indices, that is, BMI and waist circumference, as a marker of body adiposity.
DISCUSSION
Our study is the first comprehensive analysis investigating the relationship between arsenic in drinking water and arsenic in toenails in a general population-based sample of 960 participants, taking into account a large variety of covariables. In this analysis, we found that drinking water arsenic concentrations were strongly associated with arsenic concentrations in toenail clippings. The strength of the association was mainly dependent on the levels of arsenic in drinking water. Private drilled wells were associated with higher levels of arsenic compared with other water sources, including dug wells. Importantly, our study showed that body composition mediates the relationship between arsenic in drinking water and arsenic in toenails; individuals who were obese had significantly lower toenail arsenic levels for any level of arsenic in drinking water than did those with a normal weight.
Thus far, several studies have reported the relationships between arsenic concentrations in drinking water and in nail clippings. In Australia, Hinwood et al. 15 assessed the important predictors of arsenic concentrations in hair and toenails among 153 residents exposed to high water arsenic, high soil arsenic, high water/soil arsenic, and low arsenic. They found that arsenic concentrations in drinking water had the highest correlation coefficient with toenail arsenic concentrations among age, fish intake, water, dust, and soil arsenic concentrations, numbers of glasses of water, and years lived in the current address. In a US population-based case-control study, 16 208 study subjects provided both drinking water and toenail clipping samples. The overall correlation coefficient between arsenic concentrations in drinking water and in toenail clippings was 0.46 (Po0.001). However, it was 0.65 (Po0.001) among those with drinking water arsenic concentrations of Z1 mg/l and was 0.08 (P40.05) among those with concentrations of o1 mg/l, respectively. Slotnick et al. 17 analysed the relationships of arsenic from drinking water and food with the arsenic concentrations in toenails. The study subjects were 440 controls of a bladder cancer case-control study recruited from 11 counties of southeastern Michigan. They found that arsenic from drinking water at home explained most of the variations in toenail arsenic concentrations. In Asia, arsenic concentrations were significantly and positively associated with arsenic concentrations in toenails in Taiwan 18 and in fingernails in India 19 among the selected study participants exposed to drinking water containing high levels of inorganic arsenic. In our analyses, a significant interaction was observed between geographic region (mainland Nova Scotia compared with Cape Breton Island) and water sample source in relation to levels of arsenic concentrations in toenails. This was mainly explained by the differences in water arsenic concentrations from different types of water sources between the two geographic areas (Tables 5 and 6 ). Our data are in line with some studies carried out in an American population reporting that water arsenic concentration is the most important determinant of the individual variations in toenail arsenic levels in both cross-sectional analyses 15, 17 and longitudinally repeated measures. 30 Our study is the first attempt to elucidate how body composition, as indicated by BMI, abdominal obesity, and percentage body fat (FMI and FFMI), may influence arsenic in toenails given similar water arsenic exposure. The methylation of ingested inorganic arsenic is the key mechanism for arsenic metabolism, disposition, and retention. 31 Ingested inorganic arsenic, via drinking water, is transformed to MMA and DMA in the liver through consecutive reductive methylation and then excreted into urine. Therefore, the relative amount of inorganic arsenic, MMA, and DMA in urine may reflect the arsenic methylation efficiency in vivo. 32 It is speculated that high methylation efficiency, as indicated by the relatively decreased proportion of MMA and increased proportion of DMA in urine, might result in lowered arsenic retention. 31, 32 Human nails are largely constituted of keratin-rich proteins that incorporate arsenic in proportion to the exposures. 10, 14 Hence, toenail arsenic concentration is considered as a biomarker of both levels of arsenic exposure and retention. 14, 32 In this study, we found that given similar levels of arsenic in drinking water, obese individuals (defined through BMI and abdominal obesity) and those with both the highest levels of fat mass and fat-free mass indices tended to be associated with the relatively lower levels of arsenic in toenails compared with those with a normal weight. Several studies [21] [22] [23] have shown that overweight and obesity, as estimated by BMI, might increase arsenic methylation efficiency in terms of urinary excretion of total arsenic, %MMA, and %DMA. This might imply lowered arsenic retention. However, the results to date have been inconsistent. The association of increased BMI with improved arsenic methylation efficiency was observed in some studies [20] [21] [22] but not all. 23 Three studies [20] [21] [22] reported that BMI was positively associated with arsenic methylation efficiency as indicated by decreased %MMA and increased %DMA in adults. In contrast, another study 23 found that urinary total arsenic excretion was significantly reduced among obese adolescents compared with their non-obese counterparts, suggesting a reduction in arsenic methylation capacity among obese adolescents. The discrepancy may be because of the relatively smaller sample size and inadequate assessment of confounders in these studies. Some studies carried out in the arsenic-endemic areas in Bangladesh 33 and Pakistan 34 reported that arsenic-related skin lesions, such as melanosis and keratosis, were more prevalent among individuals with lower levels of BMI (o18.5 kg/m 2 ) compared with their normal BMI counterparts, indicating that there might be greater arsenic retention in these individuals.
Our study suggests that increasing obesity influenced arsenic retention, but by using precisely measured fat mass and fat-free mass our findings do not seem to support the assertion that separated body mass per se directly influences arsenic metabolism (Table 7) . Increased levels of body mass (both fat mass and fat-free mass) result from interactions between genetic, behavioral, and dietary factors. 35 There is evidence suggesting that some nutrients might influence arsenic metabolism. 36, 37 Interestingly, a recent study carried out in a population from New Hampshire reported that animal protein and total fat intake was inversely associated with arsenic concentrations in toenail clippings, suggesting that dietary factors leading to increased body weight might be related to decreased arsenic body burden. 38 Moreover, some in vitro studies [39] [40] [41] have shown that gastrointestinal microbiota might methylate inorganic arsenic after oral ingestion to methylated metabolites before systemic metabolism. This preabsorptive metabolism may have profound implications on the bioavailability, systemic distribution, and toxicity of inorganic arsenic from the oral ingestion. 42 On the other hand, there is some evidence indicating that obese and non-obese people might have different compositions of gastrointestinal microorganisms 43 that might further affect energy harvest from diet. 44 Different dietary patterns that may influence body adiposity might also have impact on changes in the compositions of gut flora. 43, 45 We, herein, hypothesize that the observed effect modifications of body mass on the relationships between arsenic in water samples and toenail clippings in our study participants might result from presystemic metabolism of ingested arsenic with different compositions of gut microbiota among people with different levels of body weight. Further investigations are merited to confirm the hypothesis. Our study participants were recruited from different geographic regions of Nova Scotia with various water sources and arsenic contamination levels, ranging from very low to very high. Hence, our findings are more likely to reflect the relationship between water and toenail arsenic concentrations in general populations. However, the proportion of dug wells in our study sample was B15%, which is higher than that of the registered wells (B5% of 115,172 wells) at the Nova Scotia Environment from 1920 through 2011. 46 Hence, our study might underestimate the degree of arsenic exposure from the drilled wells. Moreover, most of our study participants were Caucasian, and this may limit the generalizability of our study results to other ethnicities. Our analyses did not include information on daily water consumption. Given the lack of water consumption data, we could not assess whether obesity modifies drinking water consumption rates and therefore potentially arsenic intake. However, this is unlikely as previous studies have shown that daily water consumption is not significantly correlated with toenail arsenic concentrations. 15, 16 We were unable to include information on consumption of food products, and it is known that some food such as shell fish and rice may contain high levels of (mostly) organic arsenic. However, drinking water is considered to be the most important human source of arsenic exposure. 15, 17 In our analyses, approximately one third of water samples were taken from municipal-treated tap water. These samples had very low arsenic concentrations compared with the arsenic concentrations in samples from private wells and other water sources (geometric means: 0.11 vs 0.43 mg/l). This might explain that approximately one third of arsenic concentrations of toenail samples were lower than the MDL and this might lead to an underestimation of the relationship between arsenic in well water and toenail clippings.
In conclusion, private drilled well water is an important source of arsenic exposure in our study population. The close relationship between water and toenail arsenic concentrations is mediated, to some extent, by body mass. Given that low-to-moderate dose arsenic exposure through drinking water may lead to increased cancer risk and a large variety of adverse health outcomes, public health actions targeting individualized arsenic exposure reduction may significantly improve health status among the populations of interest.
